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FOREWORD

This report was prepared by Honeywell Inc., Armament Systems Division, 7225
Northland Drive, Brooklyn Park, Minnesota 55428, for the White Oak Laboratory,
Naval Surface Warfare Center (NSWC), 10901 New Hampshire Avenue, Silver
Spring, Maryland 20903-5000, under contract N60921-86-C-0249.

This effort was conducted during the period from November 1986 to
December 1987. The authors would like to thank Paula Walter, NSWC program
manager, and Drs. Kibong Kim, Frank Zerilli, and Ronald Armstrong for helpful
technical discussions during the course of this program.
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SECTION 1
INTRODUCTION

There are currently many different computer codes which can be used for
computations of intense impulsive loading due to high velocity impact and/or
explosive detonation. Although the current status of these codes is that they can
now be used to perform meaningful computations, it is generally agreed that there is
a need for improved strength and fracture models. There is also a need to develop
efficient procedures to obtain constants for these models.

The work described in this re]port. is focused on two computationgl strength
models: The Johnson-Caok model! and the Zerilli-Armstrong model.“ The report
first describes the models and discusses relative comparisons. Then model
predictions are compared with experimental data from tension/torsion tests and
cylinder impact tests. This is fcllowed by a discussion of how cylinder impact tests
may be used to determine constants for these models. The report ends with a
summary and conclusions, '

172
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SECTION 2
THE JOHNSON-COOK AND ZERILLI-ARMSTRONG MODELS

Most computational strength models express the equivalent (von Mises) tensile
flow stress as a function of the equivalent plastic strain rate, temperature and/or
pressure. For the Johnson-Cook model’ the equivalent tensile flow stress is
expressed as .

o =[A +Be"{1 + Cln¢*lll - T*™) (1)

where e is the equivalent plastic strain, ¢* = ¢/, is the dimensionless plastic strain
rate for ¢y = 1.0s!,and T* = (T-Tmm)/(Tmeu-'Ipmm) is the homologous
temperature. The relationship is valid for 0 = T* < 1.0, The five material constants
areA, B, n,C, andm.

The expression in the first set of brackets gives the stress as a function of strain
for ¢* = 1,0 and T* = (. The expressions in the second and third sets of brackets
represent the effects of strain rate and temperature, respectively. Atthe melting
temperature (T* = 1.0), the stress goes to zero for all strains and strain rates. The
besic form of the model is readily adaptable to most computer codes, since it uses
variables (¢, ¢*, T*) which are available in the codes.

This model has some desirable features inasmuch as it is simple to implement,
does not reguire excessive computing time or memory, ean be used for a variety of
metals, constants can be straightforwardly obtained from a limited number of
laboratory tests, and the effects of the important variables are readily identifiable
and separable,

The primary disadvantage of this model is that it is empirical and, therefore,
has no sound physical basis. This means that excglg)’i.ional care must be exercised
when using it for extrapolated values of ¢, &%, and 1%,

Some of the motivation and background for this model can be obtained from
References 3 to 6, where an attempt was made to understand and simulate tests of
large torsional strains over a range of strain rates.

Alt.hou?h various test techniques can be used to obtain constants for this
model, the following has worked well.! First, the yield and strain hardening con-
stants (A, B, n) are obtained from isothermal tension and torsion tests at relatively
low strain rates (2* < 1.0). Next, the strain rate constant, G, is determined from
torsion tests at various strain rates, and tension tests (quasi-static and Hopkinson
bar) at two strain rates. Finally, the thermal softening constant, m, is determined
from Hopkinson bar tests at various temperatures.
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Sometimes it is possible to obtain the yield and strain hardening constants
(A, B, n) from cylinder impact tests. This will be more fully discussed in Section 4.

The Zerilli-Armstrong model is based on dislocation mechanics, and is, there-
fore, more physically based than the Johnson-Cook Model. The Zerilli-Armstrong
model has two forms: one for face centered cubic (fec) metals; and another for body
centered cubic (bec) metals.2 The expression for fec metals is

0=C,+ Czcwexp (-C,T+CT Ind) 2)

where ¢ is the equivalent plastic strein, ¢ is the equivalent strain rate, and T is the
absolute temperature. The four constants are C,, C,, C4, and C,. Here the initial
yield stress, C,, is independent of strain rate ana temperature. ﬂ\lso. the stressdoes
not necessarily go to zero at the melting temperature. Reference 2 providesa
discussion of how C is affected by solute and grain size.

The expression for bec metals is

0 = C,+ C,exp(=C,T + C,Tlnd) + Cge" @)

where the variables (¢, ¢, T) are as defined for Equation (2) and six constants are C,,
C,.Cq, C,, C;, and n, Here the initial yield stressis a function of G, C,, Cq, and C,
Agaia, the stress does not necessarily go to zero at the melting tem;?era ure,

It can be seen in Equation (2) that the strain, strain rate, and temperature
effects are all couplud together for the fce model. In Equation (3), however, the effect
gi“:tra@:’éx {mrdening is separated from the coupled strain rate and temperature for the

model, ' '

The fact that the Zerilli-Armstrong model is based on dislocation mechanics
makes it preferable to the Johnson-Cook model, On the other hand, the more complex
form of the Zerilli-Armstrong model appears to make it sore difficult to obtain the
appropriate constaats, ‘

Figure 1 shows a comparison of issthermal and adiabatic stress-strain relation-
ghips for the two models of interest, This is done for OFHC Copper (fcc) and Armeo
m (ch). Constants for both models were obtained from essentially the same data

For the OFHC copper, the Johnson-Cook model predicts higher adiabatic
stresses at lower strains, and lower stresses at higher strains, For both the OFHC
‘ ccnpper and the Armco iron, the Jehnson-Cook mode) predicts less of a strain rate

effect than does the Zerilli-Armstrong model. Generally, however, the adiabatic
vesponses are similar for the two models.

Figure 2 shows the effect of strain rate for the two models. For the Armeo Iron
the Zerilli-Armstrong model shows a much stronger reliance on strain rate at the
higher strain rates shown. This is consistent with torsion data for Artico IF Irond
and with trends predicted by other vesearchers,
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SECTION3
COMPARISON OF MODEL PREDICTIONS AND TEST DATA

An assessment of the models can be made by comparing the model gredictions to
exfperimental data. Figure 3 shows four comparisons for OFHC copper. The upper
left portion of Figure 3 is for dynamic Hopkinson bar test data at room temperature,
and the upper right portion is for similar data at an elevated temperature, Itis
assumed that the responses are adiabatic. There is relatively good agreement
between the model predictions and the test data,

The lower portion of Figure 3 shows comparisons with quasi-static tension data
and quasi-static torsion data. Here the responses are assumed to be isothermal. Both
models tend to underpredict the strength in tension and averpredict the strength in
torsion. Thisisdue, in part to the fact that real materials do not always ohey the von
Mises flow rule,5 which is an inherent part of most hydrocede computational
algorithms. The von Mises flow rule states that the equivalent tensile stress and
strain are 0 = V8t and ¢ = y/V3, where vand y are the shear stress and strain,

]

Figure 4 shows similar comparisons for Armco iron. Here again there is geod
eneral agreement with the Hopkinson bar data. Both mnodels tend to underpredict
1e strength for the quasi-static tension and torsion data. The reason this occurs for

the Johnson-Cook model is that the primary application is for higher strain rates,
and the strain rate constant wag therefore selected to give betier correlation with the
higher strain rate torsion data, This results in an underprediction of strength for
lower strain vates (&* < 1.0). .

Another interesting evaluation is to compare the computed shapes of cylinder
impacts onto a rigid surface, with actual test data, a5 shown in Figure 5. To quantify
the degree of agrecment between computed shapes and test data, an average error
bas been defined as

— vl aw
a = 31 ~ + w )
where L, D, and W are the deformed length, diameter, and bulge (diameter at 0.2L
from the deformed end) from the test resuits, and AL, AD, and AW are the differences
between the computed and test results. It can be seen that both models give goed
general agreement, but that the Zerilli-Armstrong model gives better agreement.2

The maximum computed strains in Figure 5 fall within the range
1.57s¢e = 2.04. Thestrain distributionsin Figure 6, however, show that the
overwheling majority of the eluments experience equivalent strains less than 0.6.
Therefore, the companisons in Figure 5 tend t reflect the aceuracy of a model for
relatively low strains (¢ < 0.6), but do not necessarily provide a good indication for
larger strains (¢ > 0.6).
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SECTION 4

DETERMINATION OF MODEL CONSTANTS FROM CYLINDER
IMPACT TESTDATA

The preceding sections have attempted to define, undesstand, and evaluate the
Johnson-Cook and Zerilli-Armstrong strength models. The constants for these
models were obtained primarily from torsion tests at varioys strainsrates,
Hopkinson bar tests at various temperatures, and quasi-stasic fengion tests.
Performing these tests can often be time-consuming and/or gxpensive,

The cylinder impact test, on the other hand, is simple, jte xpensive, and
exhibits large strains, high strain rates, and elevated temperatures, Unfortunately,
the strains, strain rates, temperatures, and stresses vary thyoughout the test
specimen and throughout the duration of the test.

During the past years, there have been sq?veral attemptsatdefining dynamic
flow stresses from cylinder impact test results.”!% Figure 7 shows how cylinder
impact test data can be used to obtain constants for the Johysora-Cook Model, The
test data areidentical to thogse shown in Figure 5. The adiabyati ¢stregs-strain
relatiopships are shown in Figure 8 and the strength constanis a'e given in Table 1.
The adisbatic stresses are shown only to the maximum strains atlained in the
cox:lxg}l}bed results. Alsoincluded in Table 1 and Figure 8 are da tafyom Reference 1
an

gure 1,

For Case A-1 the length, L, of the deformed cylinder (OFEEC copper) is matched
with the computational result. Because only one deformed Jimension ismatched,
only one independent strength constant (representing a congtaat Now stress) can be
obtained. Itcan beseen that there are significant discrepan cless between the test and
computational results at the deformed end of the cylinder. .

Case B-1 allows for linear strain hardening. By matching both the deformed
length, L, and the maximum diameter, D, it is possible to ohtaira the two constants
for the Jinear hardening. Here the computed result is in good general agreement
with the test result. Xf' this model would be agplied to larger straing than these
experienced in the computed results of Case B-1, however, iy Would probably lead to
excessively high stresses. It is well known that thermal softeni ng tends to decrease
the rate of strain hardening at large strains, as shown in Figire 1,

Cases C-1and D-1 are based on the Johnson-Cook mod el of Equation (1).
Although there are five constants in this model (A, B, n, C, ), only the yield and
strain hardening constants (A, B, n) are determined from the te stdata. Thestrain
rate conStant, C, and the thermal softening constant, m, mugtbe 8pproximated or
obtained from other sources, Because there are now three tonstants, it is possible to
match three deformed dimensions: the length, L, the maxin; uns digmeter, D, and an
intermediate diameter, W,

13
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TABLE 1. OFHC COPPER AND ARMCO IRON CONSTANTS FOR THE JOHNSON-COOK

MODEL, AS DETERMINED FROM CYLINDER IMPACT TEST RESULTS

CONSTANTS FOR JOHNSON - COOK MODEL

OFHC COPPER

O« [aBE" ] [1oC0E J[17° ™]  [oase a1 | casEn- | casE o1 | case D | Rer. 1
A (Mpa) 250 157 118 98 90
e (Mpa) 0. 425 494 368 292
n . 1.00 T4 70 31
(4] 0. 0. 0. 025 025
m . . 1.00 1.09 1.09

ARMCO IRON _

CASE A2 | CASEB-2 | CASE C-2 | CASED-2 | REF.

A (Mpa) 583 555 NOT POSSIBLE TO 175
) (Mpa) 0. 134 | OBTAIN CONSTANTS 380
n . 1.0 FOR CASES C-2 a2
c 0. 0. AND D-2 060
m - hd ~$5

a:"&léa FOR §0 LR K1) S"
T w (T poou) / (Tuery T )

16
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It should be noted that D and W are not totally independent of one another. For
a given length, L, W will tend to decrease as D increases. This is simply due to an
approximate conservation of the volume of the cylinder.

Case C-1 is the result obtained if nothing is known about the strain rate or
thermal softening characteristics of the material. Here, the strain rate constant is
set to C = 0 and the thermal softening is assumed to be linear, orm = 1.0, Case D-1
uses the previously determined strain rate and thermal softening constants from
Reference 1 and Flgure 1. Even though there is little ayparent difference between
Cases C-1 and D-1 for this problem, for some other problems (with wider ranges of
“r%il!tls. rates and temperatures) the Case D-1 constants will probably provide better
res

Looking at Figure 8, it can be seen that there are significant discrepancies in
the various adiabatic stress-strain relationships, especially at the larger strains.
Yet, with the exception of Case A-1, they all provide a generally good correlation with
the test data. The reason for this situation is provided in the distribution of strain, as
shown previously in the upper-left portion of Figure 6. Although some of the
elements experience an equivalent plastic strain as high as 2.04, most of the elements
experience strains less than 0.6. Looking back to this specific range of strains in
Figure 8, there is good general agreement (except for Case A-1) between the various
adiabatic stress-strain relationships. Therefore, because the various models
essentially agree with one another in this relatively narrow band of strain, it would
be expected that they would give similar results for computed solutions whose strains
fall within this narrow band.

In the lower portion of Figure 7, the same approach was attempted for the
Armco iron. For Case A-2 only the length, L, was matched, giving a constant flow
stress, For Case B-2 the lengi, L, and diameter, D, were matched using linear strain
bardening. The resulting adiabatic flow stresses are shown in Figure 8. There s
clearly less strain hardening in the Axmco iron than in the OFHC copper.

For Cases C-2 and D-2, however, it was not possible to match all three
dimensions (L, D, W) by varyin&the icld and strain hardening constants (A, B, n).
Thisis probabiy due to the fact that there is less strain hardening in the Armco iron
(when compared to the OFHC copaer). and therefore less of a bulge, W. It appears
that it simpl¥ is not possible to extract strain-hardening constants for test data which
exhibit very little strain hardening. Also, the empirical form of Equation (1) may not
be well suited to accurately represent the Armeo iron,

For the Johnsun-Cook model, it appears that it is possible to obtain the yield
and strain hardening constants (A, B, n) for some materials, but not for all materials.
This is probably dependent on the degree of strain hardening in the material. The
strain rate and thermal mﬁeninﬁconsmnm (C, m) must be approximated or obtained
from other sources. It is also not desirable to extrapolate the use of the model to
larger strains than experienced in the cylinder impact test.

Looking at the Zerilli-Armstrong models in Equations (2) and (3), it can be seen
that four constants are needed for fec metals (such as OFHC copper) and six con-
atants are needed for bee metals (such as Armeo Iron). Based on previous experience
with the Johnson-Cook model, only two or three constants can be obtained from the
shape of the deformed cylinder.
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Looking again at Equation (2) for fcc metals, it would appear that the first two
constants (C, C,) could be obtained from the cylinder impact test data, if the strain
rate and thermal softaeninf constants (C,, C,) could be approximated or obtained from
other sources. These results are shown as Case E in Figure 9. The length, L, and
diameter, D, have been matched exactly, and the resulting bulge, W, is very close to
that of the test data. The new constants, (C,and C,) were obtained in conjunction
with the previous values of C,and C,, as taken from Reference 2.

Another approach is to obtain the yield stress, C,, from another source, and then
solve for C,, C,, and C, by matching the three deformed dimensions (L, D, W). The
yield stress in Equation (2) is independent of both the strain rate and the
temperature, and can, therefore, be easily determined from simple tension tests
and/or handbook data. The results of this approach are shown as Case F in Figure 9,
where the new constants (C,, C,, C,) were obtained for the previous value of C, as
'ti‘al%eln grom Reference 2. A summary of the constants for Cases E and F is given in

able 2.

It is interesting to compare the adiabatic stress-strain relationships of Case D-1
(Johnson-Cook) and Case F (Zerilli-Armstrong), because both of these cases give a
perfect fit (A = 0) to the test data. These two cases, along with three other cases, are
shown in Figure 10. As expected, the responses of Cases D-1 and F are very similar at
smaller strains (¢ < 0.6). They are also in good general agreement at larger strains.,
Case E, where only two constants were determined for the Zerilli-Armstrong model,
is also shown in Figure 10,

It should be noted that the actual values of the constants in Cases E and F may
or may not be physically realistic, For these cases, the constants are selected only to
match the deformed shape of the cylinder. The other two curves are from Reference 1,
which presents the initial Johnson-Cook model and data, and from Reference 2,
which presents the initial Zerilli-Armstrong model and data,

An attempt was made to determine three constants (C,, C;, n) from the Zevilli-
Armstrong model of Equation (3) for Armco iron, nsing the reported values? of the
other three constants (C,, C,, C,). Aswas the case with the Johnson-Cook medel
(Cages C-2 and D-2), however, it was not possible to match all three dimensions
(L, D, W) of the test results.
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*OFHC COPPER CYLINDER (Lo = 25.4mm, Do = 7.6mm,
Lygsy = 16.2mm, Dyggy = 13.5mm , Wypgy = 10.1mm)

© IMPACT VELOCITY = 190 M/S

¢ TEST RESULTS INDICATED BY DOTS o » o
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* BOTH CASES COMPUTED WITH ZERILLFARMSTRONG MODEL

FIGURE 9. EXAMPLES OF CYLINDER IMPACT TEST RESULTS USED TO DETERMINE
OFHC COPPER CONSTANTS FOR THE ZERILLI-ARMSTRONG MODEL
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TABLE 2. OFHC COPPER CONSTANTS FOR THE ZERILLI-ARMSTRONG
MODEL, AS DETERMINED FROM CYLINDER IMPACT
TEST RESULTS

" CONSTANTS FOR ZERILLFARMSTRONG _I  OFHOCORPER |
‘| FACE CENTERED CuBICMODEL —
G =Co+C2 €™ EXP(LIT+CAT InE) l CASE E | CASEF | REF2

Co (Mpa) 38 . €5 65
c2 (Mpa) 903 546 830
c3 (1) 0028 | 0025 | .0028
C4 (K1) 000115 | .000199 | .000115
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FIGURE 10. COMPARISON OF ADIABATIC STRESS STRAIN RELATIONSHIPS
FOR VARIOUS OFHC COPPER CONSTANTS, USING BOTH THE
JOHNSON.COOK AND ZERILLI-ARMSTRONG MODELS
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SECTION 5
SUMMARY AND CONCLUSIONS

This report has attempted to describe and evaluate two computatiohal strength
models, and to determine how constants might be obtaired from cylinder impact test

results
)

. Some conclusions are as follows:

The Zerilli-Armstrong model is more physically based and provides better
aireement with the cylinder impact test data.

The Johnson-Cook model has a more simple form which allows the
constants to be obtained in a more straightforward manner.

Both models show generally good agreement with Hopkinson bar test data
at relatively low strains.

Both models show discrepancies with quasi-static tension and torsion data
at large strains, This is probably due to the inadequacy of the von Mises
flow rule at large strains.

Cylinder impact test results can be used to determine two or three
constants for either the Johnson-Cook model or the Zerilli-Armstrong
model, The other constants must be estimated or obtained from other
sources,

When the length and diameter of the eylinder impact test data are )
matched by determining two constants, the resulting bulge is generally in
close agreement because the cylinder tends to conserve volume.
The accuracy of either model has not been evaluated for the combination of
large strains (¢ > 0.6) and high-strain rates{¢ > 10°). In unpublished
work not performed in this contract, however, the Johnson-Cook model has
been used to give good overall predictions of Explosive Formed Penetrators
for both OFHQ copper and Armco iron. Here, most of the material is

- strained to a much greater extent than it is in the cylinder-impact tests.
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